The electrochemical oxidation of nickel(II) 5,15-p-ditolyl-10-phenylporphyrin (1-Ni) leads to the 5 formation of different coupling products, with the distribution depending on the solvent nature (CH 2 Cl 2 /CH 3 CN, CH 2 Cl 2 , DMF), the cell configuration (2 or 3 compartments) and the number of electron abstracted. In a two cell configuration (anode and cathode in the same compartment) in a CH2Cl2/CH3CN mixture, nickel(II) 5-chloro-10,20-p-ditolyl-15-phenyl porphyrin (1-Ni-Cl) was isolated in good yield. The mechanism of its formation is proposed. Switching to the three cell configuration, the 10 meso-/meso- doubly fused dimer (3-Ni) is detected as the major product whereas in pure CH 2 Cl 2 , the singly bonded meso- dimer (2'-Ni) is the major product; in both cases a significant amount of 1-Ni-Cl is also produced. These results are in accordance with the cyclic voltammetry analysis of 1-Ni measured in CH 2 Cl 2 /CH 3 CN and CH 2 Cl 2 from which the voltammetric trace of 3-Ni is, respectively, appearing or not. Besides, in DMF the hydroxyporphyrin 1-Ni-OH was detected as the major product. Moreover, meso-15 functionalization of 1-Ni was performed by controlled potential electrolysis with triphenylphosphine as nucleophile leading to the phosphonium substituted derivative (1-Ni-P + ) in good yield. Finally, unprecedented X-ray crystallographic structures of the 1-Ni, 1-Ni-Cl, 1-Ni-P + and 3-Ni are presented and their respective structural parameters are compared.
Introduction
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Porphyrins are valuable compounds owing to their rich photochemical, electrochemical and catalytic properties that open the door to a wide range of applications in material science, photosynthetic processes, catalysis and energy converting devices. 1 In particular, multiporphyrin arrays have 25 attracted considerable attention due to their potential integration into energy converting devices owing to their crucial role in photosynthetic processes. 2 To reach a given spatial arrangement, numerous covalent spacers have been tested such as phenyl, thiophene, ethynyl and aniline groups. 30 Besides, direct connection of porphyrin units through oxidative C-C coupling shortens the distance leading to an higher electronic communication between these heterocycles. An important amount of studies reports the chemical synthesis of directly linked porphyrin dimers, trimers and oligomers. 35 Numerous and finally m-chloroperbenzoic acid 13 have been successfully used for direct C-C coupling. This wide variety of oxidising agents proves that the choice of the right reactant is not straightforward. At this point, oxidation of the monomer by electrochemical techniques seems an interesting green 45 alternative, since it is possible to modulate the oxidative power of the working electrode thanks to the fine tuning of its potential. The regioselectivity of the C-C coupling, i.e. mesomeso, meso- or - depends principally on the metal inside the porphyrin as well as its peripheral susbstitution pattern. In 50 the case of magnesium(II) or zinc(II) porphyrins, only mesomeso coupling is observed, whatever the oxidant and/or the solvent. As very few examples of electrosynthesis of directly linked dimers and/or oligomers exist, 14, 15, 16 we recently reported optimized conditions for the selective and 55 quantitative formation of the meso-meso dimer from electrochemical oxidation of the trisubstituted 5,15-ditolyl-10-phenylporphyrin zinc(II) . 16 Contrary to zinc(II) porphyrins, few examples of oxidative coupling are reported for nickel(II) porphyrins. This scarcity probably stems from 60 the higher first oxidation potential of Ni(II) porphyrins which drastically limits the choice of efficient oxidizers. Furthermore, the regioselectivity of Ni(II) porphyrins coupling depends on the nature of the oxidant and/or the solvent. For example, a meso- coupling is reported with a Ni. Advantageously, this porphyrin exhibits only one free meso position and it can thus only lead to the dimer by oxidation. Additionally, as in the MOEP (M = Zn, H 2 , Cu), 18, 19 MTPP (M = Zn, H 2 ) 20 and magnesium porphine series, 21 1-Ni through oxidation must be prone to react with a 5 wide range of nucleophiles offering the opportunity to functionalize the macrocycle. Also, the absence of substituent around the free meso position makes it possible to test the respective reactivities of the free meso and  positions.
Moreover, it should be stressed that purification and 10 characterization of an anodic nucleophilic substitution product has never been attempted with nickel porphyrins, probably because of an higher oxidation potential than zinc or magnesium complexes. Taking advantage of these unique features of 1-Ni, our first results concerning its 15 electrochemical oxidation in absence and in presence of nucleophiles (chloride and triphenylphosphine) are presented below.
Experimental
X-ray equipment and refinement. Diffraction data were 20 collected on a Nonius KappaCCD diffractometer equipped with a nitrogen jet stream low-temperature system (Oxford Cryosystems). The X-ray source was graphite-monochromated Mo-K  radiation ( = 0.71073 Å) from a sealed tube. Data were reduced by using DENZO software without applying absorption 25 corrections; the missing absorption corrections were partially compensated by the data scaling procedure in the data reduction. The structure was solved by direct methods using the SIR92
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program and refined with full-matrix least-squares on F 2 using the SHELXL97 23 program with the aid of the WIN-GX  24 program   30 suite. All non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms attached to carbon atoms were included in calculated positions and refined as riding atoms. For 3-Ni, one of the chloroform molecule was found disordered over two positions with occupation factors converged to 0.60:0.40. 35 One chloroform molecule was also found disordered with a pentane group with occupation factors respectively equal to 0.58:0.42.
Reagents and instrumentation
Tetraethylammonium hexafluorophosphate (TEAPF 6 , Fluka 40 puriss., electrochemical grade, ≥99.0%) and 2,6-lutidine (Aldrich, ≥99%) were used as received. Tetra-n-butylammonium hexafluorophosphate (TBAPF 6 ) was synthesized by mixing stoichiometric amounts of tetra-n-butylammonium hydroxide (Alfa-Aesar, 40% w/w aq. sol.) and hexafluorophosphoric acid 45 (Alfa-Aesar, ca. 60% w/w aq. sol. respectively. UV-visible absorption spectra were recorded with a Varian UV-vis spectrophotometer Cary 50 scan using quartz cells (Hellma). In spectroelectrochemical experiments, an UV-vis immersion probe (Hellma, l = 2 mm) was connected through a 55 fibre optic to the same spectrophotometer.
Mass spectra were obtained on a Bruker ProFLEX III spectrometer (MALDI-TOF) using dithranol as a matrix.
NMR spectra were measured on a BRUKER 300, 500 or 600 MHz spectrometer (Avance III Nanobay, Avance III, Avance II, 60 respectively). The reference was the residual non-deuterated solvent.
Elemental analyses (C, H, N, S) were carried out on a Flash EA 1112 Thermo Electron analyzer.
All electrochemical manipulations were performed using 65 Schlenk techniques in an atmosphere of dry oxygen-free argon at room temperature (T = 20°C ± 3°C). The supporting electrolyte was degassed under vacuum before use and then dissolved at a concentration of 0.1 mol L -1 . Voltammetric analyses were carried out in a standard three-electrode cell, with an Autolab PGSTAT 70 302N potentiostat, connected to an interfaced computer that employed Electrochemistry Nova software. A double junction saturated calomel electrode (SCE) with background electrolyte between the two frits, was used as reference electrode. The auxiliary electrode was a platinum wire in an independent 75 compartment filled with the background electrolyte and separated from the analysed solution by a sintered glass disk. For all voltammetric measurements, the working electrode was a platinum disk electrode (Ø = 2 mm). In these conditions, when operating in a mixture of CH 2 Bulk electrolyses were performed in a two or threecompartment cell separated by glass frits of medium porosity with an Amel 552 potentiostat coupled with an Amel 721 85 electronic integrator. A platinum wire spiral (l = 53 cm, Ø = 1 mm) was used as the working electrode, a platinum plate as the counter electrode and a saturated calomel electrode as the reference electrode. Electrolyses were followed by TLC and UVvisible absorption measurements. In the case of the three- 90 compartment cell, a potential of 0.00 V/ECS was systematically applied after the oxidative electrolysis to extinguish the residual traces of cation radicals in solution. 
Results and discussion
Voltammetric analysis of the oxidative reactivity of 1-Ni
The novel Ni(II) 5,15-p-ditolyl-10-phenylporphyrin 1-Ni (Scheme 1) was synthesized via metallation of the free-base 1-
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H 2
16 with nickel acetate in refluxing DMF. In agreement with C 2h symmetry , the 1 H NMR spectrum exhibits a singlet at 9.88 ppm corresponding to the meso proton and 4 doublets (-pyrrolic protons) between 9.17 and 8.77 ppm.
All the potential values cited in this manuscript will be referred TBAPF 6 (dotted line, Fig.1 ) exhibits two monoelectronic oxidations leading respectively to the cation-radical (peak system O1/R1, E p (O1) = 1.03 V) and the dication (O2/R2, E pa = 1.25 V). 25 This behaviour is roughly similar to the one observed for 65 Ni(II)TPP (two monoelectronic and reversible oxidations proceeding on the macrocycle at E 1/2 = 1.01 and 1.31 V/SCE). 26 Nevertheless, the behaviour of 1-Ni is not so ideal: the first oxidation system is not chemically reversible, i.e. the intensity of R1 is drastically reduced compared to O1 (i pa /i pc = 3.1), which 70 indicates the instability of the electrogenerated cation radical. Also, at the second stage, the peak is large and the current rise rather flat, which can originate in multiple species being oxidised at the same potential or a slowed electron transfer. The CV of 1-Ni undergoes drastic changes upon addition of 75 20% (vol.) acetonitrile in the initial CH 2 Cl 2 solution (plain line, Fig. 1 ). Thus, the first oxidation process (peak O1', E p (O1') = 1.03 V) becomes almost chemically irreversible, with an ca. 1.56 fold increase of the intensity. Unlike what is observed in pure dichloromethane solution, a second reversible peak system 80 (O2'/R2') appears at E p (O2') = 1.25 V as well as a new weak reduction peak, R4' (E p (R4') = 0.70 V) on the backward scan.
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Clearly, at the first oxidation stage, the addition of acetonitrile profoundly modifies the electrode reaction which product, at the scale of the voltammetric experiment, is no more longer the 85 cation-radical 1-Ni
, but a new compound oxidised at O2'. Following these observations, an important point was to identify this compound traced by the O2'/R2' peak system. Generally the chemical or electrochemical oxidation of Ni(II) porphyrins having at least one free meso position leads to the formation of 90 meso-meso and/or meso- singly-linked dimers which can be further oxidized to the meso-meso/-/meso-meso triply-linked and meso-/meso- doubly-linked dimers, respectively. Except with PIFA as oxidant in CH 2 Cl 2 , 9,10 the meso- singly-linked and meso-/meso- doubly-linked dimers are the major products and 95 their respective amount depends on the molar equivalent quantity of oxidants. 28 In an attempt to attribute the compound oxidized at peak O2', the singly bonded meso-meso dimer 2-Ni 9 and the meso-/meso- doubly-linked dimer 3-Ni 11 were prepared independently and their respective CV (see of 1-Ni and 2-Ni, the CV of 3-Ni affords the same set of peaks O1'/R1', O2'/R2' and R4' as 1-Ni.
The immediate conclusion is that the addition of acetonitrile catalyses the formation of the meso-/meso- doubly-linked dimer 3-Ni at the first oxidation of 1-Ni. The point is then to 5 precise by which way or mechanism. First it should be stressed that the reaction is complex involving, for one dimer unit formed, 2 C-C couplings, 4 H + releases and 4 electron uptakes (Scheme 2): 10 Scheme 2 Global reaction leading to doubly-fused 3-Ni from 1-Ni.
It seems unrealistic to propose a completely detailed mechanism. Nevertheless some hypotheses can be advanced concerning the catalytic influence of acetonitrile. Many studies concerning the electrochemistry of Ni(II) porphyrins have shown that 15 parameters such as axial coordination, kind of solvent and/or the supporting electrolyte and temperature can switch the location of the electronic transfer from the ligand to the metal. + after addition of a coordinating solvent like THF, pyridine, benzonitrile or acetonitrile. 29 Thus, in our case, increase in the intensity of the first oxidation process upon addition of acetonitrile is ought to come from the simultaneous oxidation of 30 Ni(II) and the porphyrin ligand into Ni(III) and the cation-radical, respectively. 27 The intermediate species would be thus the [1-Ni(III)] 2+ dication probably incorporating one or two acetonitrile molecules as axial ligands. This intermediate is expected to be highly reactive due to its electrodeficient character. For instance, 35 it could immediately affect the C-C coupling by condensing a neutral unit of 1-Ni hence accelerating the rate of the global reaction. At another level, the weakly basic property of acetonitrile 30 may facilitate the elimination of proton on the peripheral porphyrin positions engaged (or to be engaged) in the 40 coupling and that may also result in a more rapid electrode reaction.
Encouraged by the apparent selective formation of 3-Ni in cyclic voltammetry, the transposition at the electrolysis scale has been attempted. 45 
Unexpected electrosynthesis of 1-Ni-Cl
Electrolyses were carried out under argon, at room temperature, in a CH 2 Cl 2 /CH 3 CN mixture (4/1 v/v) containing 0.1 M of TEAPF 6 , 1-Ni and 10 eq. of 2,6-lutidine, in a two compartment cell (anode and cathode in the same compartment). These 50 conditions in the Zn series 16 were demonstrated to afford one of the best selectivity in the formation of the meso-meso dimer, so, in a first attempt, they were retained for the oxidative electrolysis of 1-Ni. The role of 2,6-lutine is here to favor the elimination of protons accompanying the C-C coupling.
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The applied potential (E app = 0.95 V/SCE) corresponds to the first oxidation process of 1-Ni in these conditions. Surprisingly, 15 F per mol of 1-Ni were necessary for full conversion of the starting product whereas, in the Zn series, the needed amount of electricity was considerably lesser (2.5 F per mol). 60 The UV-vis. spectrum of the reacting solution of 1-Ni has been monitored as a function of the electrolysis progress (Fig. 2) , excluding the Soret band which could not be observed (massive absorption resulting in saturation of the measured signal). 
CH3CN
. f Simultaneous oxidation of THF occurs at this potential. g In case of a three compartment cell configuration, the oxidation step is followed by a reduction step at Eapp = 0.00 V/SCE.
h Not detected by MALDI-TOF mass spectrometry. i Major product according to MALDI-TOF mass spectrometry, UV-vis. absorption spectroscopy and electrochemistry. chlorinated porphyrin 1-Ni-Cl was isolated in 78% yield (Scheme 3). Noteworthy, no 3-Ni doubly-fused dimer was detected in the 10 crude mixture. The molecular structure of 1-Ni-Cl was confirmed by an independent synthesis proceeding by chemical chlorination of 1-Zn with N-chlorosuccinimide (NCS), 16 demetallation with TFA and then remetallation with nickel acetate. This procedure was chosen since direct chlorination of 1-Ni with NCS was not 15 successful.
Scheme 3 Electrochemical synthesis of 1-Ni-Cl.
Definite proof of the molecular structure was given from the Xray diffraction analysis on single crystals of 1-Ni-Cl (see below). 20 In an attempt to decipher the formation mechanism of the 5-chloro derivative 1-Ni-Cl, different electrolysis conditions were tested. The crude electrolysed products were systematically analysed by MALDI-TOF MS and 1 H NMR, the latter method providing, in addition to the product's identity, their distribution 25 (see all results in Table 1 ). § When the electrolysis is carried out in the above-mentioned conditions but in a three compartment cell and with abstraction of only 2 F per mol, an intractable mixture of products is obtained from which 1-Ni, 1-Ni-Cl, 2-Ni, 2'-Ni and 3-Ni are detected in a 50 simultaneous oxidation of THF at the potential where 1-Ni is oxidised.
In DMF, in a three compartment configuration (Table 1, (Fig. 3) . Supporting this assumption, the current ratio i p (R3')/i p (O3') = 0.39 shows that this process is not reversible contrary to the one observed in THF which exhibits a current ratio i p (R1'')/i p (O1'') 20 closer to unity (0.78). Further, R3' is significantly higher than R1" (i p (R3') = 1.16×I p (R1')). These observations are in accordance with a slow catalytic process leading to CH 2 Cl 2 decomposition. As a test for the real formation of chloride anions during the electroreduction of 1-Ni, a controlled potential •− electrogenerated at the cathode and/or direct oxidation of chloride anions on the anode (chloride anions are 60 oxidized near 1.00 V in our conditions), all possibly contributing to limiting the faradaic yield of the desired reaction.
Electrosynthesis of 1-Ni-P +
As purification and characterization of compounds synthesized by anodic nucleophilic substitution of Ni(II) porphyrins have not 65 been reported so far, we intended to test another nucleophile than chloride, i.e. triphenylphosphine (PPh 3 ). The electrolysis conditions were similar to those previously employed for the zinc derivative 1-Zn: CH 2 Cl 2 /CH 3 CN (4/1 v/v) containing 0.1 M TEAPF 6 as electrolyte, added of 20 eq. of PPh 3 and 10 eq. of 2,6-70 lutidine (vs 1-Ni). Starting with 20 mg of 1-Ni the potential was set at E app = 1.00 V. 2.0 F per mol of 1-Ni were transferred before the current dropped to zero. After removal of the supporting electrolyte, purification of the crude product on silica gel and crystallization from CH 2 Cl 2 /n-hexane, the meso-phosphonium 75 porphyrin 1-Ni-P + (Scheme 6) was isolated in 72% yield.
Scheme 6 Electrochemical synthesis of 1-Ni-P + . porphyrin core with an electro-withdrawing group (Fig. 4) . The Q band, initially located at 521 nm, is gradually substituted by two new bands at 562 and 602 nm, which are associated to 1-Ni-P + . No intermediate is observed between thus indicating a rather fast reaction after initiation by electron transfer. 
Crystallography
As they were not reported yet, the crystallographic structures of 1-Ni, 1-Ni-Cl, 1-Ni-P + and 3-Ni were investigated in the course of this work. Suitable crystals for X-ray diffraction studies were 15 obtained by slow diffusion of n-heptane into a CH 2 Cl 2 solution of 1-Ni, slow diffusion of n-hexane into a CH 2 Cl 2 solution of 1-NiCl or 1-NiP + and slow diffusion of n-pentane into a CDCl 3 solution of 3-Ni. Three-dimensional molecular views are presented on Fig. 5-8 and the most representative data are given 20 in Table 2 (see also ESI for complete X-Ray data). As expected for Ni(II) porphyrins, 1-Ni (Fig. 5 ), 1-Ni-Cl (Fig. 6 ), 1-Ni-P + (Fig. 7 ) and 3-Ni (Fig. 8) deviate markedly from the planarity and no axial ligand is coordinated on the nickel(II) atom. 34 The usual square planar geometry of nickel(II) is confirmed here since it 
a Mean planeN: mean plane calculated with the 4 nitrogen atoms of the porphyrin core. b Angle between the mean planeP and the mean plane of the phenyl and tolyl groups.
c The rms deviation corresponds to the root mean square of the distances of the 24 carbon and nitrogen porphyrin ring atoms from the mean plane formed by these atoms.
d Not relevant.
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Fig. 7
Front and side Ortep views of 1-Ni-P + crystallographic structure (H atoms omitted for clarity; plot of 1-Ni-P + with 50% probability).
To our best knowledge 1-Ni-Cl crystallographic structure is the first representative of a meso-chloro Ni(II) porphyrin though, (Fig. 6 ). 35 Interestingly, two molecules of 1-Ni-Cl form an head to tail -stacked dimer with a slipped cofacial orientation in a similar way to the photosynthetic special pair. 36 The interplanar and the centroid-to-centroid (calculated from the 24 carbon and nitrogen porphyrin ring (Fig. 7) . The C meso -Cl distance is 1-Ni-P + is the second specimen of a meso-phosphonium porphyrin crystallographic structure reported so far (Fig. 7) . The C meso -P + distance is 1.809(6) Å, slightly longer than the one 10 observed for the magnesium porphine derivative reported previously (1.794(4) Å).
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3-Ni represents, to our best knowledge, the third meso-/meso- doubly-fused dimer crystallographic structure reported so far (Fig. 8) . In the three-dimensional structure both porphyrin core 
Conclusions
In summary the electrochemical oxidative reactivity of the tri- . In DMF, whatever the cell configuration, the hydroxyporphyrin 1-Ni-OH is detected as the major product. Moreover, an efficient meso-functionalization of 1-Ni has been performed by controlled potential electrolysis with triphenylphosphine as nucleophile leading to the phosphonium 45 substituted derivative (1-Ni-P + ). This work echoes our recently reported results on the redox reactivity of the corresponding zinc(II) derivative 1-Zn and its reaction towards the meso-meso dimer 2-Zn. 16 These studies have revealed that addition of the hindered base 2,6-lutidine as well as 50 operating in DMF were the key parameters to obtain high yields of the desired meso-meso dimer. Anodic reactivity of 1-Ni is here completely different since no dimer was obtained in DMF. Besides, 2,6-lutidine has no or very little effect on the voltammetric traces of 1-Ni and during electrolysis experiment; 55 the meso-meso dimer 2-Ni is produced in very low yield contrary to the meso- dimer 2'-Ni or 3-Ni, depending on the experimental conditions. This work is part of a more vast research program aiming at a better control of the oxidative reactivity of metalloporphyrins that 60 is a prerequisite for the use of electrochemistry in the synthesis of designed porphyrin architectures. Herein, the central metal is demonstrated to be a decisive element in that sense. Further studies are in progress to improve the scope of the reaction.
